Abstract-Angiotensin II (Ang II) stimulates the release of prostaglandins (PGs) in various cells and tissues. Recently, cyclooxygenase-2 (COX-2) emerged as a new key regulator for PG synthesis. In the present study, we investigated whether Ang II regulates COX-2 expression in cultured rat vascular smooth muscle cells (VSMCs). Ang II markedly increased the expression of COX-2 mRNA in a time-and dose-dependent manner. This effect was completely blocked by the Ang II type 1 receptor antagonist losartan but not by the Ang II type 2 receptor antagonist PD123319. The p42/44 mitogen-activated protein kinase (MAPK) kinase-1 inhibitor PD98059 and the p38 MAPK inhibitor SB203580 significantly suppressed Ang II-induced COX-2 mRNA and protein expression. Ang II did not increase transcription of the COX-2 gene, as examined with a COX-2 promoter/luciferase chimeric plasmid construct. Instead, it suppressed the degradation of COX-2 mRNA. PD98059 and SB203580 markedly enhanced the decay of COX-2 mRNA induced by Ang II, implying that p42/44 and p38 MAPK activated by Ang II play a role in the regulation of COX-2 through stabilization of its mRNA. The COX-2-specific inhibitor NS-398 attenuated Ang II-stimulated DNA and protein synthesis, as well as PGE 2 production by VSMCs. These results suggest that Ang II regulates COX-2 expression and PG production and modulates cell proliferation through MAPK-mediated signaling pathways in rat VSMCs. 
P rostaglandins (PGs) are important mediators in the regulation of cardiovascular and renal functions. 1, 2 The production of PGs is regulated by a variety of hormones, cytokines, and growth factors. 1, 2 Angiotensin II (Ang II), the effector peptide of the renin-angiotensin system, has been known to stimulate the release of PGs in a variety of cells, [3] [4] [5] [6] [7] including vascular smooth muscle cells (VSMCs), through the activation of phospholipase A 2 (PLA 2 ), a rate-limiting enzyme in PG synthesis that catalyzes the release of arachidonic acid (AA) from phospholipids in membranes. 6 Recent studies have shown that cytosolic PLA 2 (cPLA 2 ) plays a role in the release of AA induced by Ang II. 8, 9 Cyclooxygenase (COX), another rate-limiting enzyme of PG synthesis, catalyzes the conversion of AA to PGG 2 and further to PGH 2 . Two forms of COX, COX-1 and COX-2, have been identified. 10, 11 Although COX-1 is constitutively expressed in most types of cells and is shown not to be regulated in pathophysiological conditions, COX-2 is induced after stimulation by various growth factors and cytokines. 10, 11 In contrast to PLA 2 , little is known about the effect of Ang II on COX-2 expression. Recent studies have indicated the possible involvement of mitogen-activated protein kinases (MAPKs) on COX-2 expression induced by growth factors and cytokines. [12] [13] [14] Ang II is known to activate MAPK cascades in VSMCs to regulate cell function, growth, and differentiation. [15] [16] [17] [18] [19] These findings prompted us to investigate the effect of Ang II on COX-2 expression and a possible mechanism involving MAPK in cultured VSMCs.
Here, we report our new finding that Ang II markedly increases COX-2 mRNA and protein expression and stimulates PG production through a posttranscriptional mechanism via 2 MAPK (p42/44 MAPK and p38 MAPK)-mediated signaling pathways in VSMCs. 
Methods Materials
DMEM
Cell Culture
VSMCs were prepared from the thoracic aorta of 12-week-old Sprague-Dawley rats (Charles River Breeding Laboratories) according to the explant method and cultured in DMEM containing 10% FCS, 100 mU/mL penicillin, and 100 mU/mL streptomycin as described previously. 16 Cells (passages 3 to 15) at Ϸ90% confluence in culture dishes were made quiescent through incubation with serum-free DMEM for 3 days before the experiments.
Preparation of cDNA Probes for COX-1 and COX-2
The cDNA probes for rat COX-1 and COX-2 were prepared through reverse-transcription polymerase chain reaction (RT-PCR). The primer sets for COX-1 were 5Ј-GAG GAT GTC ATC AAG GAG TCC-3Ј (sense) and 5Ј-GAC ATA GGG GCA GGT CTT GGT-3Ј (antisense), and for COX-2, the sets were 5Ј-TTC ACC AGA CAG ATT GCT GGC-3Ј (sense) and 5Ј-AGT CTG GAG TGG GAG GCA CTT G-3Ј (antisense). 20 The first-strand cDNA was synthesized from rat VSMC total RNA with the use of SuperScript II (Life Technologies, Inc.). Thirty cycles of PCR were performed, with each cycle consisting of denaturation at 94°C for 1 minute, annealing at 58°C for 1 minute, and extension at 72°C for 2 minutes. PCR products with expected sizes for COX-1 (390 bp) and COX-2 (530 bp) were subcloned to the pGEM-T Easy vector (Promega) according to the T/A cloning method. The nucleotide sequences of the subcloned cDNA were confirmed through the dideoxy method with the use of a SequiTherm EXELTM II DNA sequence kit (Epicentre Technologies) to coincide with those of rat COX-1 and COX-2 as reported previously. 20 
RNA Preparation and Northern Blot Analysis
RNA preparation and Northern blot analysis were performed essentially as described previously. 21 In brief, total RNA (10 g) extracted through a single-step method 22 was size-separated with electrophoresis onto a 1% agarose/1% formaldehyde gel and transferred to a Hybond-N ϩ membrane (Amersham). Rat COX-1, COX-2, or GAPDH cDNA was labeled with [␣- 32 P]dATP with the use of a Prime-It random primer labeling kit (Stratagene) and used as a probe.
Immunoblotting
Immunoblotting was performed essentially as described previously. 21 In brief, VSMCs grown on 6-well plates (Falcon Labware) were stimulated with agonists for specified durations. Cellular lysate was subjected to SDS-PAGE. Proteins in the gel were transferred to a Hybond ECL nitrocellulose membrane (Amersham) through electroblotting. The membrane was treated with indicated rabbit polyclonal antibodies. After incubation with secondary anti-rabbit horseradish peroxidase-conjugated antibodies, signals were visualized with an enhanced chemiluminescence detection system (ECL Kit; Amersham).
Measurement of COX-2 Promoter Activity
High-molecular-weight genomic DNA was purified from cultured rat VSMCs. The 2.7-and 0.5-kb upstream regions of the rat COX-2 promoter were amplified through PCR with the use of a Pfu/Taq polymerase (Boehringer Mannheim). The primer sets used were 5Ј-GGG GTA CCG CAG AAG AGG GCG GTA AAA CTC-3Ј (sense for 2.7 kb upstream), 5Ј-GGG GTA CCA GAG CAG CAA GCA CGT CAG ACT-3Ј (sense for 0.5 kb upstream), and 5Ј-CCT AGC TAG CAG CTC TCC GCT CAG TTT GAC AA-3Ј (antisense). 23 After digestion with KpnI and NheI, the PCR products were subcloned into the pGL3 Basic luciferase plasmid (Promega). Sequence validity was determined as described earlier. For transient transfection, cells were seeded onto 12-well plates (5ϫ10 4 /well) 24 hours before cotransfection with 1.0 g of the COX-2 promoter/ pGL3 Basic chimeric plasmid construct, which expresses firefly luciferase, and 0.02 g of the pRL-TK plasmid (Promega), which expresses renilla luciferase, with the use of Superfect (Qiagen). Transfected cells were cultured for 12 hours in medium containing 10% FCS, starved of serum for 48 hours, and then stimulated with IL-1␤ (1 ng/mL) or Ang II (10 Ϫ7 mol/L) for 24 hours. The cells were washed with PBS and lysed with passive lysis buffer (Promega). Then, 10 L of the lysate was used for both the firefly and renilla luciferase assays. Luciferase activity was measured with the use of a luminometer. Firefly luciferase values were standardized to renilla values.
Measurement of PGE 2
After stimulation for a specified duration, the culture medium was collected and centrifuged at 12 000 rpm for 5 minutes. PGE 2 3 H]leucine (2 Ci/mL) was added for the last 6 or 24 hours, respectively. Cells were washed twice with PBS, followed by treatment with 5% trichloroacetic acid for 30 minutes at 4°C to precipitate proteins. Trichloroacetic acid-precipitable radioactivity was counted in a scintillation counter.
Statistical Analysis
Data are expressed as meanϮSEM. Statistical analyses were performed with the paired Student's t test or ANOVA followed by Fisher's protected least significant difference test. Significance was accepted at PϽ0.05.
Results

Induction of COX-2 mRNA by Ang II
The basal level of COX-2 mRNA (4.1 kb) was low in quiescent rat VSMCs. Stimulation with Ang II (10 Ϫ7 mol/L) significantly increased COX-2 mRNA expression, which was observed as early as 15 minutes after Ang II addition and reached a peak (9-fold increase) at 1 hour, gradually decreasing to the basal level over 24 hours. The expression level of COX-1 mRNA (3.0 kb) did not change during the stimulation with Ang II ( Figure 1A ).
As shown in Figure 1B , the induction of COX-2 mRNA by Ang II was dose dependent. Losartan, an Ang II type 1 (AT 1 ) receptor-specific antagonist, abolished the COX-2 mRNA induction, but PD123319, an Ang II type 2 (AT 2 ) receptorspecific antagonist, did not alter the COX-2 mRNA level. To exclude the possibility that this induction was due to autocrine/paracrine factors released by Ang II, we examined the effect on fresh VSMCs of conditioned medium, in which VSMCs were previously incubated with 10 Ϫ7 mol/L Ang II for 1 hour. In the presence of losartan (because Ang II remained), the conditioned medium did not increase COX-2 mRNA.
To examine whether the increase in COX-2 mRNA correlated with the protein expression, we studied COX-2 protein expression through the use of immunoblotting analysis. As shown in Figure 1C , the level of COX-2 protein (70 kDa) increased time-dependently, peaking at 4 hours.
Involvement of MAPKs in Induction of COX-2 Expression by Ang II
To clarify the cellular mechanism by which Ang II induces COX-2 expression, we investigated the possible involvement of MAPK cascades because we observed the phosphorylation of p42/44 and p38 MAPKs by Ang II in cultured rat VSMCs (Figure 2A ). The p42/44 MAPK kinase inhibitor PD98059 significantly decreased the COX-2 mRNA level. The p38 MAPK inhibitor SB203580 also substantially decreased the COX-2 mRNA level. Cotreatment with PD98059 and SB203580 almost completely abolished the COX-2 mRNA upregulation by Ang II (Figure 2B) , indicating an additive effect of p42/44 MAPK and p38 MAPK.
Like COX-2 mRNA, the COX-2 protein expression level stimulated by Ang II was significantly attenuated by PD98059 or SB203580. Combined treatment with PD98059 and SB203580 completely abolished the Ang II-dependent COX-2 protein expression ( Figure 2C ), again supporting an additive contribution of p42/44 MAPK and p38 MAPK.
Effect of Ang II on COX-2 Transcription Activity
To test whether the increase in COX-2 mRNA by Ang II could be due to increased transcription, we made 2 COX-2 promoter/luciferase chimeric plasmid constructs and exam- 
Effect of MAPKs on Ang II-Induced COX-2 mRNA Stability
Because Ang II did not stimulate the transcriptional activity of the COX-2 gene, we investigated an alternative hypothesis that the Ang II-dependent increase in the COX-2 mRNA level was due to the stabilization of the mRNA through MAPK activation. After stimulation of VSMCs with Ang II for 1 hour to allow accumulation of COX-2 mRNA, the cells were treated with actinomycin D in the presence or absence of the inhibitor (PD98059 or SB203580) to block further transcription. In the absence of the inhibitor, the mRNA decay was gradual, whereas the addition of inhibitors accelerated the decay of COX-2 mRNA (Figure 3) , suggesting that the stimulation of p42/44 or p38 MAPK activity by Ang II stabilizes the COX-2 mRNA, which in turn increases overall COX-2 protein expression. 
Effect of COX-2 Inhibitor on PGE 2 Production
As shown in Figure 4 , Ang II stimulated the release of PGE 2 from cultured rat VSMCs. Pretreatment with the COX-2 inhibitor NS-398 dose-dependently suppressed the Ang IIstimulated PGE 2 production. NS-398 (10 mol/L) almost completely suppressed PGE 2 production to a basal level. NS-398 alone did not affect the basal PGE 2 production. These results indicates that COX-2 activated by Ang II is the rate-limiting step for PGE 2 synthesis.
Effect of COX-2 Inhibitor on Ang II-Stimulated DNA and Protein Synthesis
Ang II induced a 2.3-fold increase in [methyl-
3 H]thymidine incorporation by rat VSMCs over 24 hours. The Ang IIinduced increase was diminished in the presence of the COX-2 inhibitors NS-398 or nimesulide ( Figure 5A ). Ang II also stimulated [ 3 H]leucine incorporation, which was partially suppressed by NS-398 or nimesulide ( Figure 5B ).
Discussion
The results of the present study have clearly demonstrated that Ang II induces COX-2 expression in cultured rat VSMCs, a novel finding that has not been reported previously to our knowledge. Ang II is known to stimulate the production of PGs in VSMCs, [3] [4] [5] mesangial cells, 6 endothelial cells, 7 and other types of cells. Earlier studies considered that the stimulation was mostly due to PLA 2 activation. 8, 9 The present findings suggest that the stimulation of PG production by Ang II in VSMCs is in part ascribed to the induction of COX-2 expression in addition to the activation of PLA 2 .
The peak of COX-2 mRNA induction by Ang II was observed at 1 hour. The rapid induction of COX-2 mRNA followed by the increase in protein expression is similar to that observed after treatment with cytokines and growth factors, which is consistent with the concept that COX-2 is an early-immediate gene. The induction of COX-2 by Ang II was completely inhibited by the AT 1 receptor antagonist losartan but not by the AT 2 receptor antagonist PD123319, suggesting that this effect is transmitted through the AT 1 receptor. Because the conditioned medium in which VSMCs were preincubated with Ang II had no effect on COX-2 induction, the possibility of the contribution of other factors released by Ang II seems to be negligible. Mangat et al 24 reported that Ang II acting through the AT 1 receptor is involved in increased expression of cPLA 2 and COX-2 in response to chronic hypercalcemia in rat kidney. On the other hand, Cheng et al 25 recently demonstrated that Ang II attenuates COX-2 expression in the macula densa of rat kidney. However, because they investigated the effect of Ang II on COX-2 expression through chronic in vivo study and they did not show the mechanism by which Ang II attenuates COX-2 expression, it is not easy to compare their results with those observed in the present in vitro study. Because PGs produced in the macula densa directly regulate renin production in juxtaglomerular cells, 25 Ang II may have an opposite action in macula densa cells.
MAPKs are reportedly involved in the regulation of growth factor-or cytokine-induced expression of COX-2. [12] [13] [14] Given the observation that Ang II activates the MAPK pathways in VSMCs, [15] [16] [17] [18] [19] MAPKs seemed to be a plausible factor involved in the Ang II-induced COX-2 expression. Although PD98059 or SB203580 alone partially suppressed the Ang II-induced COX-2 mRNA and protein expression, a combination of both almost completely abolished the COX-2 expression. Therefore, the activation of both p42/44 MAPK and p38 MAPK might be required for the full expression of COX-2 induced by Ang II. In our rat VSMCs, Ang II did not show significant activation of c-Jun N-terminal kinase (JNK; data not shown) despite a few reports of JNK activation by Ang II. 18 Almost complete suppression of COX-2 expression through the simultaneous inhibition of both p42/44 MAPK and p38 MAPK supports the conclusion that the role of JNK is minor, if any.
Upregulation of mRNA is due to an increased transcriptional activity or decreased mRNA degradation. Through measurement of the promoter activity with the use of a COX-2 promoter/luciferase chimeric plasmid construct transfected into VSMCs, our present results show that IL-1␤ significantly increased the transcriptional activity of the COX-2 gene but that Ang II did not increase the activity. Therefore, it seems unlikely that an increase in transcription is the mechanism of the induction of COX-2 by Ang II. Indeed, the 3Ј-untranslated region of rat COX-2 mRNA contains 22 copies of the AUUUA motif, 26 which is known to be a selective mRNA-destabilizing sequence. 27 Interestingly, our results indicate that the suppression of the mRNA degradation by Ang II in VSMCs is the mechanism for stimulation of COX-2 expression and that the suppression of the mRNA decay is mediated by the joint action of p42/44 MAPK and p38 MAPK, which is in agreement with observations of COX-2 stimulation by lipopolysaccharide, 28 IL-1, 29 or Ha-ras oncogene 30 in other types of cells. Although the detailed mechanism by which MAPKs stabilize COX-2 mRNA is unclear, it is reasonable to speculate that the activation of these MAPKs by Ang II may induce factors that stabilize COX-2 mRNA or inhibit factors that destabilize the mRNA, thereby markedly enhancing the Ang II-stimulated COX-2 mRNA expression. Further studies on the involvement of p42/44 MAPK and p38 MAPK in the stabilization of COX-2 mRNA are required.
NS-398, a selective COX-2 inhibitor, suppressed the Ang II-stimulated PGE 2 production dose-dependently to the basal level, without affecting the basal production of PGE 2 , which is considered to be a product derived mostly through COX-1 activity. Therefore, NS-398 inhibited mainly the Ang II-induced COX-2 activity, which resulted in a reduction in PGE 2 production. The inhibition of COX-2 activity with a specific inhibitor, such as NS-398 or nimesulide, significantly attenuated Ang II-stimulated DNA and protein synthesis in VSMCs. The biological significance of COX-2 activation by Ang II in VSMCs remains to be established. The detailed mechanism by which COX-2 inhibitors suppressed the Ang II-stimulated DNA and protein synthesis in rat VSMCs is uncertain, but increased production of PGs have been implicated to take part in modulation of cell proliferation in VSMCs. 31 Furthermore, COX-2 expression was shown to increase in rat VSMCs after balloon injury in vivo 32 and in response to serum or growth factors. 32, 33 The overexpression of COX-2 in epithelial cells inhibits apoptosis. 34 Given these findings, a subset of COX-2 products stimulated by Ang II may play a role in the proliferation of VSMCs under circumstances in which the renin-angiotensin system is involved, such as in vascular remodeling.
In summary, the results of the present study demonstrate that Ang II regulates COX-2 expression and PG production through p42/44 MAPK and p38 MAPK pathways in rat VSMCs. Ang II-induced COX-2 activation may play a significant role in the mediation of cell growth and the proliferation of VSMCs.
